Abstract-This paper presents a detailed numerical investigation to determine whether or not an increased specific absorption rate (SAR) in an adult using a mobile phone inside an elevator due to the multireflections of electromagnetic fields from the walls exceed the RF-exposure guidelines. A fully realistic heterogeneous human body model and an actual elevator size were employed. The nonuniform mesh finite-difference time-domain technique and a supercomputer were employed to obtain the SAR and other important parameters. The mobile phone was modeled as a 
I. INTRODUCTION
W ITH THE rapid increase in the use of mobile phones in enclosed environments such as trains, cars, and elevators, public anxiety over the possibility of RF exposures in these environments exceeding the basic restrictions of the International Commission on Non-Ionizing Radiation Protection (IC-NIRP) [1] and IEEE guidelines [2] has been growing. It should be noted that according to the guidelines mentioned above, the only scientifically established adverse health effect of RF energy in the human body is thermal, and its safety limits are given based on specific absorption rates (SARs). Discussions of the nonthermal effects of RF exposure in the human body and the T. Hikage and T. Nojima are with the Graduate School of Information Science and Technology, Hokkaido University, Sapporo 060-0814, Japan (e-mail: hikage@wtemc.ist.hokudai.ac.jp; nojima@wtemc.ist.hokudai.ac.jp).
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The public anxiety over the use of mobile phones in enclosed environments has risen partly because of some reports in academic journals suggesting that electromagnetic field (EMF) levels in these environments exceed the safety levels during mobile phone use [3] - [5] . Furthermore, the appearance of these reports in well-known international mainstream media such as the British Broadcasting Corporation (BBC) 1 and others has probably fueled these concerns. On the other hand, there have been several attempts by researcher who do not agree with these reports to allay these fears. Several papers have been published on this concept to date [6] - [10] .
After a thorough review of the studies on this subject, we have thus far found very little information, especially on the localized peak spatial-averaged 10-g SAR in a realistic human model in actual enclosed environments. This is by far the most important parameter in reaching any conclusion regarding the thermal effect of RF exposure. Some researchers have investigated this effect [11] - [13] , but only on a passenger's head, while ignoring the rest of the body. The body in an enclosed environment like an elevator would also absorb electromagnetic energy. Furthermore, the head-and-metallic wall configuration does not represent a realistic case of a passenger in an elevator or other enclosed environment, especially when multireflections of the EMF from the walls are to be considered.
The lack of spatial SAR information may be partly due to the large-scale computer resources required to perform numerical investigations of a realistic human model in an actual elevator. Recently, a numerical investigation of this problem using a finite-difference time-domain (FDTD) technique was reported [14] ; however, the report gives limited information of only the whole-body average SAR. Considering the above factors, we have previously presented preliminary investigations of this study [15] .
The nonuniform mesh FDTD technique [16] , which minimizes computer resources by a factor of almost five, and a supercomputer were used to perform detailed calculations of the SAR in an anatomically realistic human model inside an actual elevator at the cellular phone operating frequencies used in Japan (i.e., 900, 1500, and 2000 MHz). Specifically, we address two issues, which are: 1) whether or not the safety guidelines are exceeded in the elevator, by comparing maximum values obtained with the basic restrictions and 2) to provide an understanding of the SAR characteristics of the mobile phone user in such environments under worst case conditions.
The investigations in this paper will include the effect of the user's position inside the elevator and the influence of elevator's structure, such as its walls and openings. The "worst case" considered in this paper refers to conditions that include: 1) a halfwavelength dipole antenna, placed near the head (no hand model was used to hold the antenna like in a real-life mobile phone use); 2) a vertically oriented dipole antenna, parallel to the sidewalls of the elevator for maximum reflection; 3) an elevator with metallic walls; and 4) a constant maximum transmitting power of 250 mW.
II. MODELS OF THE ELEVATOR AND PASSENGER
The structure of the elevator is shown in Fig. 1 . The dimensions of the elevator used in this study were taken from an actual elevator. Two small openings (300 mm 600 mm and 300 mm 300 mm) were introduced on the roof. Although their original purpose may be to provide ventilation and to be used for maintenance, they can also be considered as the main propagation route for the radio waves into the elevator [17] .
The elevator being investigated has a maximum capacity of nine passengers. However, in this paper, only the simple case of one passenger using a mobile phone was considered. In this condition, no power would be absorbed or blocked by other passengers. Therefore, the effect of multireflections from the walls was at a maximum and all power transmitted by the phone was absorbed by the single passenger. A realistic high-resolution model of the Japanese adult male of average weight and height, shown in Fig. 2 , is used to represent the passenger [18] . It consists of voxels of 2 2 2 mm , manually segmented in to 51 different tissues and organs. The model is 172.8-mm tall and weighed 65.0 kg. Further details on the procedure of the development of the model are described in [18] .
We also used an adult Japanese female model for comparative purposes. The female model, whose height and weight are 160 mm and 53.0 kg, respectively, was developed using the same procedures as those employed to develop the male model, and has the same 2 2 2 mm voxel resolution [18] .
The electrical properties used for the human models were derived from [19] - [22] and other sources described in these works.
A half-wavelength thin-wire dipole antenna placed vertically in the right side of the head at a distance 16 mm away and without a hand was used to represent a mobile phone. It has been reported elsewhere that the highest SAR of the head is obtained when no hand is used to hold the handset [23] and a vertically orientated half-wavelength dipole antenna [24] , [25] is used.
During calculations, the models were grounded to the elevator floor through the feet. 
III. METHOD OF CALCULATIONS
The nonuniform mesh FDTD technique was used in this investigation to minimize computer resources. This technique, which is based on Maxwell's curl equations represented by the midpoint method and Yee-cell notation, utilizes either a linear or quadratic interpolation at the coarse-fine cell boundary to reduce reflection errors [16] . Throughout this study, fine-size cells of mm were used to model the regions around the dipole antenna and human model. Other areas of the FDTD problem space were modeled with coarse-size cells of 10 mm in all directions. The coarse-size cell must be [16] , where is the free-space wavelength. A coarse-size cell of 10 mm used in this study satisfy this condition for up to 2000 MHz. Note that, in this study, the fine-size cell was chosen to accommodate the human model, whose voxels have 2 2 2 mm resolution. The time step in the nonuniform mesh FDTD technique is always set by taking into consideration the smallest fine-cell size; in our case, 2 mm, and the Courant condition. The time steps used in the simulation were 3.81, 3.79, and 3.79 ps for 900, 1500 and 2000 MHz, respectively.
Beranger's perfect matched layer (PML) [26] having eight layers and are placed at all boundaries of the FDTD problem space to absorb the radiated outgoing waves. Elevator walls, assumed to be of a metallic material, were modeled as a perfect electric conductor (PEC) by setting all -fields to be equal to zero at the wall's surface.
The nonuniform mesh FDTD problem space of the elevator with one passenger is shown in Fig. 3 , which indicates the cell size and number of cells used. The numbers in brackets are the numbers of cells required if a conventional (uniform mesh) FDTD method were to be used.
IV. RESULTS AND DISCUSSIONS

A. Experimental Validation of Calculation Method
In order to validate the numerical simulations for large problem spaces such as the elevator modeled in this study, we carried out a simple experiment to measure the input characteristics of the dipole antenna close to a metallic wall. The significance of this experiment is that it closely imitates the situation of a user positioned close to the wall when using a mobile phone inside the elevator.
The experiment was conducted in an anechoic chamber with a metallic floor. The validation dipole antenna, Type IXD-090 S/N 0209, manufactured by IndexSAR Ltd., Newdigate, U.K. [27] with a length of 149 mm and a diameter of 3.8 mm, was mounted parallel to the floor. The antenna input characteristics were recorded at several distances from the floor at intervals of 20 mm using an HP 8757ET network analyzer. The numerical model of the wall used to provide the simulation results for comparison is shown in Fig. 4 .
The measured and calculated input impedances in the freespace were and , respectively. Fig. 5 shows the input impedance of the antenna as a function of the distance away from the metallic floor. Both simu- lation and measured results are plotted in this figure. The input impedance of the antenna close to a metallic wall was observed to vary in a quasi-sinusoidal manner as it was moved away from the wall and its values were found to approach the free-space values at the far distance from the wall. Good agreement between the two results was obtained. The discrepancy in the reactance between the measured and calculated results observed in Fig. 5(b) can be attributed to the difficulties in completely isolating the dipole antenna and its driving transmission line during the measurements. 
B. SAR of the Human Model in Free Space
This section investigates the SAR of the human model in free space. This is necessary since the data obtained are needed for comparison with those values obtained in the elevator.
The problem space was assumed to be of the same size as that used when modeling the elevator, i.e., Fig. 3 . Even with the use of nonuniform mesh FDTD modeling, the total memory requirement for the problem was about 52 GB. A wall clock time of 1.3 h was required to complete a 15-period simulation using a supercomputer (NEC SX-8, 8 CPU) . A thin-wire half-wavelength dipole, here representing a mobile phone, was excited to transmit a power of 250 mW, corresponding to the maximum power W-CDMA mobile phones used in Japan. The transmitted power is related to the real part of net input power of the antenna by the equation
where , , , and are the input voltage, impedance, reactance, and resistance, respectively. Based on the impedance values, the input voltage was set such that is always 250 mW, representing a worst case condition. For the case of the user in free space, is given as (2) where is the power absorbed by the user and is the power radiated in free space. When the passenger is in the elevator, the transmitted power is given as (3) where is the power escaping through the openings at the top of the elevator. For a fully enclosed elevator, would be equal to zero, implying that all power from the antenna is absorbed by the passenger.
Peak spatial-averaged SAR were calculated according to IC-NIRP guidelines in which averaging volumes that included both the head and pinna were used in the calculation. Furthermore, the spatial average SAR was evaluated in contiguous tissues that contain a mass within 5% of 10 g. Table I summarizes the input impedance of the half-wavelength dipole antenna, peak 10-g SAR, whole-body average SAR, and absorbed power of the human model in free space for the antenna output power of 250 mW.
The spatial 10-g SAR values were 45%, 47%, and 57% of the ICNIRP basic restriction; i.e., 2 W/kg at 900, 1500, and 2000 MHz, respectively. The whole-body average SAR values were found to be 2.6%, 1.8%, and 1.4% of the basic restriction; i.e., 0.08 W/kg at 900, 1500, and 2000 MHz, respectively. Siegbahn et al. [14] have calculated the whole-body average SAR of the simplified homogeneous model of the visible human model using the FDTD method at 900 MHz. Under antennatransmitted power similar to that used in this study, the wholebody average SAR obtained was 2.3% of the ICNIRP basic restriction.
C. SAR of the Human Model Inside the Elevator
In this section, we investigate the SAR dependence on the passenger position inside the elevator using the nonuniform FDTD modeling of Fig. 3 . It should be noted that if the conventional FDTD method were to be used, this problem would require about 248 GB of memory, almost five times that needed for a nonuniform mesh FDTD analysis. More than 200 periods were required to simulate this problem depending on the frequency of operation and user position in the elevator. A wall clock time of 5.3 h was used to complete the simulation for 200 periods at 900 MHz using a supercomputer (NEC SX-8, 8 CPU).
1) SAR in the -Direction:
The position of the passenger in the elevator is described in terms of and , as indicated in Fig. 3 . Fig. 6 shows the peak 10-g SAR of the passenger in the elevator at an antenna output power of 250 mW. The values are plotted as a function of the position from the wall in the -direction. The distance from the wall in the -direction is kept constant at mm. The distances mm and mm are the minimum valid distances in the -and -directions in which the body of the passenger is already touching the walls in those directions. The ICNIRP 10-g SAR limit for general public exposure is also indicated in the graph.
We observed from the graph that the peak 10-g SAR varies in a slow decaying quasi-sinusoidal wave with . Furthermore, we found that the peaks of the sine wave occurred at the distance from the wall given approximately by the equation (4) where and is the free-space wavelength at a given frequency. The maximum values of the peak 10-g SAR in the graphs were obtained at a distance of about 252 mm from the wall, which corresponds to and at 900, 1500 and 2000 MHz, respectively. The maximum 10-g SAR values obtained at 900, 1500, and 2000 MHz were 1.02, 1.30, and 1.56 W/kg, respectively, corresponding to an increase of 13.2%, 40.1%, and 37.6% over those of the human model in free space. Furthermore, these values were 51%, 66%, and 78% of the ICNIRP's peak 10-g SAR basic restrictions.
Another interesting fact is that the destructive interference of the EMFs due to multireflections in the enclosed environments was so strong that sometimes the peak 10-g SAR of the passenger in the elevator was lower than that of the user in free space.
The whole-body average SAR as a function of the distance in the -direction is given in Fig. 7 . We observe that the curves for the whole-body average SAR do not follow a sinusoidal pattern like those of the peak 10-g SAR. The reason for this may be that the whole-body average SAR depends on the amount of power absorbed by the passenger, which, in turn, depends on the amount of power escaping through the holes at the top of elevator.
Unlike the peak 10-g SAR, all of the whole-body average SARs in the elevators were larger than the free-space values.
The maximum values of the whole-body average SAR were larger than those of the user in free space by 71%, 135%, and 188%, respectively, at 900, 1500, and 2000 MHz. However, these values were only 4.4%, 4.3%, and 4.1% of the ICNIRP whole-body exposure limit of 0.08 W/kg. Even in the case of a completely covered elevator, in which all power transmitted by the antenna were absorbed by the passenger, the whole-body average SAR obtained was 3.61 mW/kg, which is only 4.5% of the limit. We can conclude that for the single mobile phone user inside the elevator, the whole-body average SAR would not exceed the exposure limit recommended by the international guidelines.
The input impedance of the dipole antenna in the elevator as a function of is plotted in Fig. 8 . The results for the human model in free space are also indicated in the graph. The antenna input impedance was seen to vary with , indicating a strong coupling between the antenna and walls. Like the peak 10-g SAR, the resistance and reactance were also seen to vary in the sinusoidal form, implying that the matching of the antenna is also a function of the position of the user in the elevator.
2) SAR in the -Direction: We have also investigated the variation of the SAR along the -axis. In this case, the distance from the wall in the -direction was fixed at mm, which is the closest position to the wall in the -direction. The result of the peak 10-g SAR is shown in Fig. 9 . They were observed to vary in a clear sinusoidal form, especially for the 900- Fig. 13 . Effect of the reflections from each wall of the elevator on the SAR when the passenger is placed in a position of maximum SAR in the elevator at 900 MHz. and 2000-MHz curves. The peak 10-g SAR were obtained at and mm, respectively, at 900, 1500, and 2000 MHz. The effect of varying the passenger position in the -direction is found to have very little effect on the whole-body average SAR, as seen in Fig. 10 . The input characteristics (not shown) of the antenna were also found to vary with position in the -axis. Fig. 11 shows the typical electric field distributions at 900, 1500, and 2000 MHz for the passenger in free space and in an elevator. The passenger in the elevator was placed at a position for maximum 10-g SAR, varying in the -direction; i.e., at TABLE II  INPUT IMPEDANCE OF THE ANTENNA, PEAK 10-g SAR, WHOLE-BODY AVERAGED SAR, AND ABSORBED POWER OF THE ADULT  FEMALE MODEL WHEN HALF-WAVELENGTH DIPOLE ANTENNA IS TRANSMITTING 250 mW AT 900, 1500, AND 2000 MHz mm, mm. To see the difference between the two cases more clearly, the problem space used for the passenger in the elevator was also used for the free-space calculation. The fields are observed in the -plane cut at the antenna feed point. The standing waves due to multireflection from elevator walls are observed in Fig. 11(i)(b), 11 (ii)(b), and 11(iii)(b). Standings waves depends on the antenna operating frequency with more standing waves formed at 2000 MHz. The maximum electric field values for both the elevator and free space were obtained near the antenna feed point.
D. Electric Field and SAR Distribution
The corresponding SAR distributions in the -plane of the human model in free space and in the elevator are given in Fig. 12 . The difference between SAR distribution in free space and the elevator can be easily observed in these figures. The dependency of SAR distribution on the frequency is more visible in the free-space case that in the elevator. This may be the reason for the small difference in the whole-body SAR obtained at 900, 1500, and 2000 MHz for the elevator case. Although we performed several numerical calculations of this model, covering a distance of up to 414 mm and 390 mm in the -and -directions, respectively, we did not find any unusual SAR that could be attributed to phenomena such as hot spots [3] . All maximum SAR values obtained occurred in the head area near the antenna, as depicted in the SAR distribution of Fig. 12 .
E. Effects of Elevator Structures
In the above sections, we have shown that peak 10-g SAR depends on the passenger position relative to the elevator walls, and the most influential factor for whole-body average SAR was the amount of power escaping through the holes at the top of the elevator. In this section, we investigate the effects of the reflections of EMFs from each wall of the elevator. We assume that the passenger is in position for maximum peak 10-g SAR, i.e., at position where mm and mm in the elevator. We consider only the frequency of 900 MHz. With the passenger in this position, one wall of the elevator is left in its position, while the remaining five walls are removed from the simulation. The SAR values were found to increase over the free-space values, as shown in Fig. 13 . Wall number 1, i.e., the wall parallel and closest side of the head with the phone, was found to have greater effect than that from the other walls. It can be observed from Fig. 13 that the top wall had an insignificant effect to both peak 10-g and whole-body average SAR.
Interestingly, when we placed the passenger in the position for the minimum SAR, i.e., where mm and mm, the values of the SAR (not shown) were found to decrease when compared with the free-space value. Again, the effect was more pronounced for wall number 1 followed by wall number 2. This was just like the case shown in Fig. 13 : the top wall had a very small effect. The reason for the increase and decrease in SAR is the constructive and destructive interference between the incident fields and the reflected fields from the walls. It should be noted, however, that the role of walls 1 and 6 and walls 2 and 4 are interchangeable if the phone was placed on the other side of the head and the passenger was placed at the back of the elevator.
Generally, we can conclude that the increased SAR in the enclosed environment is a result of direct reflections of the EMFs from the walls close to the side of the head of the passenger with the phone. As shown in this paper, their positions can be predicted numerically. Furthermore, the introduction of the holes at the top of the elevator used in our model did not affect the conservativeness of the results obtained in this study. It should be noted that most previous studies on this subject employed a completely enclosed as one of the worst case conditions.
F. Comparison With Other Human Models
In order to find out if the results obtained in the above sections are applicable to other human models, we compared the obtained results with those of the realistic Japanese adult female model. Table II lists the dipole input impedance, SAR, and absorbed power of the female model for different frequencies when the model was in free space. When compared with the results of the adult male shown in Table I , an insignificant difference was observed in the input characteristics of the antenna. The difference in peak 10-g SAR was less than 4%. However, the whole-body average SAR of the female model exhibited higher values due to its lighter weight. As a result, differences were recorded between the male and female of nearly 30%, 47%, and 51% at 900, 1500, and 2000 MHz, respectively.
To compare the effects of multireflection between the models, we also calculated the SAR of the adult female model as a function of distance from the walls. We positioned the model exactly at the same positions used for the male model. Fig. 14 shows the 10-g and whole-body average SAR of the male and female. From the figure, we can see that the curves for peak 10-g SAR followed similar patterns. This finding is very important since it implies that the characteristics of the peak 10-g SAR of a human model in enclosed environments are the same regardless of the type of model used.
The higher values of whole-body average SAR of the female model were due to its low weight compared to the male model's weight. The maximum value obtained for the female model was only 5% of the ICNIRP's whole-body average SAR basic restriction. 
V. CONCLUSION
This paper has presented a detailed investigation of the SAR in anatomically high-resolution Japanese models in the elevator at the three mobile phone frequency bands used in Japan. A worst case condition that includes: 1) a half-wavelength dipole antenna placed near the head without hand [23] ; 2) a vertically oriented dipole antenna [24] , [25] parallel to the sidewalls of the elevator for maximum reflection; 3) an elevator with metallic walls; and 4) constant maximum transmitted power of 250 mW was considered.
The SARs were found to depend on the passenger's position in the elevator. The results obtained indicate that the whole-body average SAR of a single mobile phone user inside an elevator will not exceed the basic restrictions recommended in the IC-NIRP and IEEE guidelines. Although the values of the peak 10-g SAR presented in this study did not exceed the exposure limit, a substantial enhancement due to multireflections from the elevator walls was observed. These finding are true regardless of the type of the human model used.
Furthermore, the results obtained in this study should be valid for other types of enclosed environments such as trains and cars with an even smaller effect than that observed in an elevator. This is because cars and trains contain absorbing materials such as seats and nonmetal parts in the walls such as glass windows. This would result in less reflection from the walls.
The other concern of the work presented here, besides that of finding whether or not the exposure guide lines are exceeded in elevators, was to provide an understanding of the SAR characteristics of the mobile phone user in such environments, under a worst case condition. We hope that this study will contribute to a better understanding, especially in the peak spatial-averaged SAR in these environments.
